The traditional method of fluid substitution in porous rock requires the total porosity and the elastic modulus of the mineral phase as input and assumes that the fluid reaches instantaneous hydraulic equilibrium throughout the pore space. This assumption may not be appropriate for shaley sediment because of the low permeability of shale and the resulting immobility of the water in it. To address this problem, we propose an alternative method that uses effective porosity instead of total porosity. Effective porosity is lower than total porosity if porous shale is present in the system. A new, composite mineral phase is introduced, which includes the porous water-saturated shale together with the nonporous minerals and whose elastic modulus is an average of those of its components, including the porous shale. This alternative method increases the sensitivity of the elastic properties of sedimentto-pore-fluid changes and therefore may be used as a physicsbased theoretical tool to better explain and interpret seismic data during exploration as well as variations in seismic response as hydrocarbon production progresses.
INTRODUCTION
Fluid substitution predicts the elastic properties of sediment saturated with one fluid from the properties measured when it is saturated with another fluid. It is one of the most robust tools of rock physics and is widely used in quantitative interpretation of well and seismic data -for example, for correcting sonic data for mud filtrate invasion and for computing synthetic seismograms in time-lapse seismic studies.
Typically, Gassmann's equation is used ͑Gassmann, 1951; Smith et al., 2003͒ , where the bulk modulus K sat of the fluid saturated isotropic rock with total porosity t is related to the moduli of the dry frame K dry , solid phase K S , and pore fluid K F as follows:
An implicit assumption in this equation is that the rock frame is composed of a single mineral with bulk modulus K S . Strictly speaking, this means that Gassmann's equation cannot be used in multimineral rocks. Brown and Korringa ͑1975͒ address this problem by generalizing the fluid substitution equation to account for the presence of different minerals in the rock frame. However, even in its simplest isotropic version, this equation requires several elastic parameters of the solid matrix that are difficult to estimate ͑Berryman and Milton, 1991͒.
Fortunately, numerical tests show that, for rocks whose minerals have elastic constants of the same order of magnitude ͑which is the case even for such different minerals as quartz and clay͒, the accuracy of Gassmann fluid substitution is more than adequate if the bulk modulus K S of the composite solid phase is computed using a mixing law, such as Hill's average ͑Hill, 1952͒ ͑e.g., Arns et al., 2002; Ciz et al., 2006͒ . This stems from the fact that for many rocks, especially those with high porosity, K S K dry and K S K F . As a result, K S may have only a minor influence on K sat , which allows application of Gassmann's equation to real multimineral sediments such as sandstone, limestone, and dolomite.
Still, the use of this method for shale-rich rocks remains questionable because the presence of shale in the pore space may violate another key assumption of fluid substitution: The pore pressure fluctuations induced by a propagating stress wave must equilibrate instantaneously throughout the pore space. This is because shale contains bound water, which is essentially immobile and thus cannot be in hydraulic equilibrium with the rest of the pore space ͑Gurevich and Carcione, 2000͒.
To overcome this obstacle and to make Gassmann's equation aptive porosity. We compare this new method with the traditional one and show that the former results in a greater sensitivity of the elastic properties of sediment-to-pore-fluid replacement. This result may be used to explain observed effects during reservoir production that cannot be justified otherwise.
TRADITIONAL FLUID SUBSTITUTION

Gassmann's equation
Consider sediment whose solid phase contains only two components, quartz and clay. Assume that the bulk modulus K wet of rock at full water saturation ͑S W = 1͒ is known. The goal is to calculate the compressional modulus K sat of the same rock at partial water saturation ͑S W Ͻ 1͒ where part of the pore space is filled with hydrocarbon.
The value K wet can be calculated from the measured V p , V s , and bulk density b . If V s is neither available nor reliable, an approximate V p -only fluid substitution can be used ͑Mavko et al., 1995͒, which uses the compressional modulus M = K + ͑4/3͒, where is the shear modulus, instead of the bulk modulus K ͑Appendix A͒.
Fluid substitution includes two steps. The first is to calculate the dry-frame bulk modulus:
The second is to use equation 1 to derive K sat , where K F is now the effective modulus of the mixture of water and hydrocarbon at S W Ͻ 1. The elastic moduli K F and K S in these equations must be calculated from the moduli of the constituents of the fluid and solid phases, respectively.
Effective bulk modulus of the fluid phase
If two or more fluid phases are present in the pore space, K F is the isostress ͑or harmonic͒ average of the bulk moduli of the components and is calculated from Wood's equation ͑Wood, 1941; White, 1983͒:
where n is the number of fluid-phase components, S i is the volume fraction of the ith component of the fluid phase, and K Fi is the bulk modulus of ith component. This mixing law is justified by the assumption that the pressure ͑stress͒ variations triggered in individual fluid components by a seismic wave are the same for all components. This assumption implies that the saturation pattern in the rock is uniform, i.e., the pore-fluid components coexist on such a fine scale that the pressure variations in these components have sufficient time to equilibrate during the wave period. If the fluid mixture includes only two components, water and hydrocarbon with volume fractions S w and 1 − S w , respectively, the effective bulk modulus of their mixture is
where K H is the bulk modulus of the hydrocarbon.
Effective bulk modulus of the solid phase
The effective elastic moduli of a composite that includes several elastic components depend on the moduli of those components as well as their spatial arrangement. The range of possible variations of these effective elastic moduli for an isotropic composite lies between the lower and upper Hashin-Shtrikman bounds ͑Hashin and Shtrikman, 1963͒. These bounds are within a wider range, which is defined by the Reuss lower bound and the Voigt upper bound ͑Mavko et al., 1998͒.
The lower bound is the harmonic average of the elastic moduli of individual components of a composite, and the upper bound is their arithmetic average. It is common practice to estimate the effective elastic moduli of the composite ͑M S , S , and K S ͒ as the arithmetic average of the Reuss and Voigt bounds:
where K Si and Si are the bulk and shear moduli, respectively, of the ith elastic component whose volume fraction in the composite is f Si and where m is the number of components. Now consider sediment whose solid phase contains only two components, quartz and clay, and apply the bulk and shear moduli of quartz, 36.6 and 45 GPa, respectively, and of clay, 21 and 7 GPa, respectively ͑Mavko et al., 1998͒. The effective bulk and compressional moduli of this quartz and clay mixture, according to equations 5-7 as well as the Hashin-Shtrikman and Voigt-Reuss elastic bounds, are plotted in Figure 1 .
In spite of the large elastic contrast between quartz and clay, the elastic bounds are fairly close to each other and to Hill's average. This implies that the error possibly introduced into fluid substitution results by using Hill's average may not be critical.
Still, it is important to remember that equation 7 is just one of several mixing laws that can be used in fluid substitution. In specific situations, such as where the softer component of the solid frame ͑usu-ally clay͒ is load bearing, the use of the lower Hashin-Shtrikman bound may be more appropriate ͑Goldberg and Gurevich, 1998͒.
ALTERNATIVE FLUID SUBSTITUTION FOR SHALEY SAND Volume balance for porosity and saturation
Consider a porous rock with clay ͑Figure 2͒. The volume fraction of the clay mineral in the whole mineral phase is f clay . The intrinsic porosity of clay ͑the microporosity͒ is clay . In a unit volume of rock, the volume occupied by the nonclay minerals ͑assumed to be nonporous͒ is ͑1 − f clay ͒͑1 − t ͒. The volume occupied by the clay mineral is f clay ͑1 − t ͒. Then the volume occupied by the porous clay is
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The total void space in the rock is the sum of the void space outside the porous clay and that within the clay. The void space outside the porous clay ͑in a unit volume of rock͒ is the effective porosity e :
Let us introduce a modified solid phase that includes the nonclay minerals plus the porous clay. The volume of this modified solid phase in a unit volume of rock is 1 − e . The volume fraction of the porous clay in the modified solid is
Assume next that part of the pore space in the rock is saturated with hydrocarbon whose volumetric fraction in the whole pore volume is S H = 1 − S W . Assume also that the intrinsic pore space of the clay is fully water saturated and all hydrocarbon is contained in the effective pore space. Then the volumetric fraction of hydrocarbon in the effective pore space is
and the volumetric fraction of water in the effective pore space ͑or effective water saturation͒ is
As expected, S We becomes zero if the only water in the rock is that contained inside the clay, i.e., S W = C clay / t .
Gassmann's equation with effective porosity
Let us now substitute fluid merely in the effective pore space ͑rather than in the total pore space͒ while treating the mixture of quartz and wet clay as a new composite solid. This can be done similarly to the traditional method described by equations 1 and 2 but replacing t with e and altering the bulk moduli of the solid and fluid.
In particular, the dry-frame modulus of the rock, which in this case is the modulus of the rock where the effective pore space is empty, is
while the bulk modulus of the same rock at partial water saturation is
͑14͒
where K drye , K Se , and K Fe are the bulk moduli of the dry frame, solid, and pore fluid, respectively, to be used in this alternative method of fluid substitution. These moduli differ from the K dry , K S , and K F parameters used in equations 1 and 2. Specifically, water and hydrocarbon must now be mixed inside the effective pore space. The resulting bulk modulus ͑using the harmonic mixing law͒ is
where S We is given by equation 12.
The solid now includes ͑in the case of a quartz and clay sediment͒ quartz and porous water-filled clay. The effective bulk modulus of this composite solid can be computed as Hill's average according to equations 5-7, with m = 2, 
Effective porosity Water Hydrocarbon
Porous clay Nonporous minerals Figure 2 . Schematic representation of the porosity components of a reservoir rock. The effective pore space contains water and hydrocarbon. The total pore space includes the effective pore space plus that inside the porous clay.
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unknown are K Pclay and Pclay , the bulk and shear moduli of the wet porous clay. These moduli depend on the intrinsic porosity of the clay ͑ clay ͒ in the pore space as well as on the effective pressure, the texture and mineralogy of the clay, and the bulk modulus of the brine. One way of estimating these moduli is by using those of a 100% clay interval, provided that such an interval can be found in the well under examination. Another way is by using a rock physics model that links the moduli of porous clay to its intrinsic porosity and mineralogy. Several such models are available. One that is appropriate for mature consolidated sediment is described by Raymer et al. ͑1980͒. Another, relevant to soft geologically young clay, is the uncemented ͑soft͒ sand/shale model of Dvorkin and Nur ͑1996͒. Figure 3 shows that, depending on the geological setting, the shale data may fall onto one of these model curves. The choice of the model, as well as the porosity and mineralogy of the clay, is somewhat arbitrary but still must be geologically consistent and site specific. A range of these inputs can be considered to obtain a potential range of responses to fluid alteration in shaley sand. ͑Recently acquired laboratory data on velocity in shales and relevant models can be found in Holt and Fjaer ͓2003͔ and Holt et al. ͓2004͔.͒
EXAMPLE
Consider wet rock where the elastic moduli are related to porosity and mineralogy according to the uncemented sand/shale model of Dvorkin and Nur ͑1996͒. The bulk and shear moduli of quartz used in this model are 36.6 and 45 GPa, respectively; those for the clay are 21 and 7 GPa, respectively. The density of quartz is 2.65 g/cm 3 , while that of the clay mineral is 2.58 g/cm 3 . Figure 6 . P-wave impedance at partial saturation for a range of porosities and clay contents using ͑a͒ the traditional fluid substitution method, ͑b͒ the alternative method, and ͑c͒ their relative difference for the example discussed in the text.
Compressional modulus (GPa
Fluid substitution in shaley sediment O5
Assume that the bulk modulus of the pore fluid ͑brine͒ is 2.66 GPa and its density is 1 g/cm 3 ͑salinity 36,000 ppm at 20 MPa and 70°C͒. The corresponding compressional and shear moduli of the rock and its Poisson's ratio are shown in Figure 4 for the ranges of total porosity between 0.15 and 0.35 and for clay content in the solid phase between zero and 0.3.
Assume next that the clay present in the system has an intrinsic porosity of 0.25 and that the corresponding compressional and shear moduli are 10.4 and 1.5 GPa, respectively ͑according to the uncemented sand/shale model͒. The plots of the total porosity, effective porosity calculated from equation 9, and difference between the total and effective porosities are shown in Figure 5 .
Our goal is to calculate the elastic constants of the rock at partial water saturation of 0.7, where the hydrocarbon present is predominantly oil ͑API gravity 35, GOR 200 l/l, gas gravity 0.65͒ with a bulk modulus of 0.5 GPa and a density of 0.67 g/cm 3 . For the parameters chosen in this example, the minimum effective porosity of 0.065 is at the minimum total porosity of 0.15. The minimum effective water saturation is about 0.3. This saturation becomes zero at the total porosity of about 0.125, and the effective porosity becomes 0.0375. At a lower total porosity, the effective water saturation will be negative. This is why we chose 0.15 as a practically reasonable lower bound for the total porosity.
The results for the P-wave impedance and Poisson's ratio using the two fluid substitution methods are shown in Figures 6 and 7 , respectively. The largest difference between the results occurs at high clay content and low porosity. There is practically no difference between the two results in high-porosity, clean clastic sediment. This somewhat counterintuitive result ͑the largest fluid substitution effect occurs at low porosity͒ is because at the assumed constant total water saturation of 0.7, the effective water saturation is variable. It is smallest at the lowest porosity and highest clay content ͑Figure 8͒ where, as a result, the largest fraction of the water in the effective pore space is replaced by oil.
Let us next use our example to explore the effect of fluid substitution on the seismic amplitude at a pseudowell where a shaley sand layer is placed within a shale interval ͑Figure 9͒. We assume that the total porosity of the background wet shale is 0.2 and that the clay content is 0.8. The total porosity of the shaley reservoir sand is 0.15; 
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that of the clay content is 0.3. The elastic properties of the interval are calculated according to the uncemented ͑soft͒ sand/shale model of Dvorkin and Nur ͑1996͒. We also assume that, originally, the sand interval is wet. The purpose of fluid substitution is to predict the seismic response of the same interval with an oil saturation of 0.3. The calculated elastic properties of sand with oil are plotted together with the wet-sand properties in Figure 9 . We observe dramatic changes in the P-wave impedance and Poisson's ratio depending on the fluid substitution method selected. Although the traditional method predicts a relatively small reduction in the impedance and Poisson's ratio from the wet-sand case, these changes, as calculated using the alternative method, bring the impedance in the oil sand practically to the level of the background ͑shale͒ impedance and also drastically reduce the Poisson's ratio of the sand.
The synthetic seismic traces shown in Figure 10 reflect these variations in the elastic properties of the interval. Although we observe a class I AVO response ͑Rutherford and Williams, 1989͒ in the wet-sand case, the response becomes class I with phase change for an oil sand whose elastic properties are calculated using the traditional fluid substitution method and, finally, class II where the alternative substitution method is used.
It is important to note that the dramatic differences in the synthetic seismic amplitude responses for the different methods used are because we chose the extreme combination of sand properties ͑small total porosity and large clay content͒ that affect fluid substitution results. Much smaller effects are expected in high-porosity clean sand.
CONCLUSION
Fluid substitution using effective porosity instead of total porosity in sediment may produce noticeable differences between the resulting elastic constants in low-porosity shaley sand. Therefore, where the traditional method cannot explain field observations, the alternative fluid substitution method presented here may be used to ensure a better tie between the well and 3D seismic data or, especially, 4D seismic data. Parameters required by the alternative method include the properties of the shale in the pore space. Although rock physics models are available to calculate the elastic properties of the shale, the choice of both the model used and the parameters of porosity and mineralogy of the shale may be somewhat arbitrary. We recommend selecting and testing geologically consistent ranges of these inputs to estimate the plausible ranges of the elastic response to fluid substitution. . Pseudowell with a single sand layer in a shale background. ͑a͒ Clay content, ͑b͒ total porosity, ͑c͒ P-wave impedance, ͑d͒ Poisson's ratio, ͑e͒ P-wave velocity, and ͑f͒ S-wave velocity. The bold curves in the elastic property frames represent wet sand. The two fine curves represent an oil-saturated sand using the different fluid substitution methods. The higher impedance, Poisson's ratio, and P-wave velocity in the oil sand are derived from the traditional fluid substitution method, while their lower values are from the alternative method.
TWT ( Figure 10 . Synthetic gathers ͑near-, mid-, and far offsets͒ at the pseudowell as calculated using a 20-Hz Ricker wavelet. ͑a͒ Wet sand, ͑b͒ sand with oil using the traditional fluid substitution method, and ͑c͒ sand with oil using the alternative fluid substitution method.
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